Aberrant inter-hemispheric coordination characterizes the progression of minimal hepatic encephalopathy in patients with HBV-related cirrhosis, Neu-roImage: Clinical (2020), doi: https://doi.Highlights  Inter-hemispheric coordination is progressively disrupted in HBV-RC patients  Inter-hemispheric FC partly mediates the impact of CC atrophy on PHES performance in HBV-RC patients  Inter-hemispheric coordination can be used to classify HBV-RC patients Abstract Patients with hepatitis B virus (HBV)-related cirrhosis (HBV-RC) and minimal hepatic encephalopathy (MHE) exhibit alterations in homotopic inter-hemispheric functional connectivity (FC) and corpus callosum (CC) degeneration. However, the progression of inter-hemispheric dysconnectivity in cirrhotic patients from no MHE (NMHE) to MHE and its association with the progression of diseased-related cognitive impairment remain uncharacterized. We hypothesized that inter-hemispheric dysconnectivity exists in NMHE patients and further deteriorates at the MHE stage, which is associated with performance measured by psychometric hepatic encephalopathy scores (PHES) that can characterize cirrhotic patients with NMHE and MHE. Using inter-hemispheric homotopic FC and CC (and its subfields) volumetric measurements in 31 patients with HBV-RC (17 with NMHE and 14 with MHE) and 37 healthy controls, we verified that MHE patients had significant attenuated inter-hemispheric homotopic FC in the bilateral cuneus, post-central gyrus, inferior parietal lobule, and superior temporal gyms, as well as CC degeneration in total CC, CC2, CC3, and CC4 (each comparison had a corrected P < 0.05). In contrast, NMHE patients had relatively less severe inter-hemispheric homotopic FC and no CC degeneration. In addition, the degeneration of the CC and inter-hemispheric homotopic functional disconnections correlated with poor PHES performances in all cirrhotic patients (NMHE and MHE). Furthermore, impairment of inter-hemispheric homotopic FC partially mediated the association between CC degeneration and worse PHES performance. Notably, a combination of inter-hemispheric homotopic FC and CC volumes had higher discriminative values according to the area under the curve (AUC) score (AUC = 0.908, P < 0.001) to classify patients into MHE or NMHE groups when compared with either alone. Our findings shed light on the progression of inter-hemispheric dysconnectivity in relation to the progression of disease-related cognitive impairment in patients with HBV-RC.
Introduction
Neurocognitive impairment is a common complication of hepatitis B virus (HBV)-related cirrhosis (HBV-RC) (Moriwaki et al., 2010) . The most serious neuropsychiatric complication of decompensated HBV-RC is hepatic encephalopathy (HE), which is characterized by a wide spectrum of clinical manifestations, ranging from a subtle impairment in mental state to an induced coma (Cordoba, 2011; Moriwaki et al., 2010; Vilstrup et al., 2014) . Minimal HE (MHE) is the mildest form of HE. MHE never presents with any obvious signs or symptoms of clinically overt HE but can be identified with neuropsychological or neurophysiological tests (Cordoba, 2011) . However, the diagnostic criterion for MHE has only recently been standardized. MHE has drawn considerable attention in recent years because it is associated with a compromised quality of life (Labenz et al., 2019) , deterioration in daily functioning (Ridola et al., 2018) , increased risk of falling and traffic accidents (Bajaj et al., 2009; Labenz et al., 2019) , as well as a higher risk of progression to overt HE in cirrhotic patients (Wang et al., 2017) . Reportedly, 20%-80% of cirrhotic patients with no MHE (NMHE) eventually develop MHE (Ridola et al., 2018; Vilstrup et al., 2014) . This suggests that there is a specific relationship between NMHE cirrhotic patients and MHE cirrhotic patients, even though the relationship between these two processes and the progression from NHME to MHE are not well-understood.
In the past several years, MHE-related brain abnormalities have been extensively investigated using functional and structural magnetic resonance imaging (MRI). Altered brain functional connectivity (FC) detected by resting-state functional MRI (rsfMRI) has been considered to be an important mechanism in the development from NMHE to MHE . Several studies have revealed that MHE-related progression is not only associated with the functional disconnections among a series of brain areas distributed in bilateral hemispheres (Sun et al., 2018) , but is also related to abnormal functional integration of multiple specific sub-networks-such as the dorsal attention network, default-mode network (DMN), salience network, auditory network, and visual network -and even whole-brain functional networks (Qi et al., 2015; Zhang et al., 2014) . For example, by employing rsfMRI and graph-theoretical approaches, Zhang et al. found disrupted whole-brain FC and abnormal small-world properties in cirrhotic patients, and reorganization of brain networks occurred during disease progression from NMHE to MHE (Zhang et al., 2014) . Thus, these studies demonstrate that the progression to MHE may arise from disturbed connectivities among a series of brain regions across the entire brain rather than via segregated regional brain abnormalities. Additionally, MRI-based brain structural studies, such as those using diffusion tensor imaging (DTI) and voxel-based morphometry (VBM), have provided robust evidence for macroscopic white matter (WM) atrophy and disrupted microstructural integrity of WM in the corpus callosum (CC) and bilateral hemispheres during the progression of MHE. For instance, using a combination of VBM and DTI, Chen et al. (Chen et al., 2012) showed consistent widespread WM abnormalities-especially in the CC and bilateral WM regions-and portions of these abnormalities were symmetric in patients with HBV-RC without overt HE. Moreover, changes in the CC and multiple brain regions of the bilateral hemispheres were correlated with poor neurocognitive performance. In another study by Chen et al. , a Bayesian machine-learning method was used to analyze DTI data from cirrhotic patients and revealed increased mean diffusivity (MD) and decreased fractional anistrophy (FA) which were predominantly located in the bilateral frontal lobes, CC, and parietal lobes-that consistently differentiated MHE patients from NMHE patients. Taken together, these findings suggest that cirrhotic brains may suffer from aberrant functional and structural connections between bilateral hemispheres during the progression from NMHE to MHE.
Interhemispheric homotopic FC is regarded as one of the most salient features of the brain's intrinsic functional infrastructure (Stark et al., 2008) , which likely reflects the importance of interhemispheric communication to integrate neural circuits underlying coherent cognition and behavior. Voxel-mirrored homotopic connectivity (VMHC) is a novel approach that can be used to investigate interhemispheric FC in a voxel-wise manner (Zuo et al., 2010) . VMHC has been widely used to identify aberrant inter-hemispheric FC in various neuropsychological disorders Shan et al., 2018) . As the largest WM structure connecting cortical regions of both hemispheres, the CC is crucial for structural interactions between bilateral hemispheres in the human brain (Hoptman and Davidson, 1994) .
Disrupted CC integrity and/or morphologic changes of the CC may influence interhemispheric structural communications . Thus, identifying specific patterns of inter-hemispheric functional and structural dysconnectivity in cirrhotic patients may help to further elucidate the neural mechanisms of MHE-related progression. However, to the best of our knowledge, only one previous study detected interhemispheric interactions in cirrhotic patients via a combination of VMHC and DTI methods . In this study, Chen et al. found that-compared with data from healthy controls (HCs)-there was aberrant VMHC in multiple brain regions in MHE patients that was associated with WM structural impairment in the CC For comparison, 37 HCs (29 male; 45.70 ± 9.249 years old; age range, 30-63 years old)-who were frequency matched to the included cirrhotic patients in terms of age, gender, and education-were recruited through advertising within the community.
Materials and methods
No HCs had any liver diseases or other systemic diseases. Other exclusion criteria were the same as those applied to cirrhotic patients. Each healthy subject underwent neuropsychological testing prior to the MRI scan on the same day, but no laboratory tests were performed.
Neurocognitive tests and MHE diagnosis
The PHES, including five subtests-number connection test A (NCT-A, in seconds), number connection test B (DST, in numbers), digit symbol test (DST, in numbers), serial dotting test (SDT, in seconds), and line tracing test (LTT, measured as the sum of time taken in seconds and the number of errors)-has been recommended by guidelines to evaluate the degree of neurocognitive impairment and to identify MHE in cirrhotic patients (Randolph et al., 2009) . As some of the subjects were not familiar with the English alphabet, the characters in the NCT-B were replaced with Chinese characters in the same order (Lv et al., 2013) . The methodology of how to calculate PHES values has been documented in detail elsewhere (Amodio et al., 2008; Lv et al., 2013) . In brief, five regression formulas for predicting results from age and education year constructed using data from 133 healthy subjects in a previous study (Lv et al., 2013) were used to predict the expected results of the five neuropsychological tests. For each PHES subset, the difference between the recorded and predicted values was divided by the standard deviation (SD) as follows: a recorded result of ≥ 1 SD above the predicted value was scored as +1;
results of 1 SD and 2 SDs below the predicted value were scored as −1 and −2, respectively; and a result equal to or below −3 SDs was scored as −3. The final PHES values were calculated as the sum of the scores from the five tests and ranged between +5 and −15. All participants in the present study completed the PHES test battery after an appropriate demonstration and explanation. According to previous studies (Amodio et al., 2008; Sun et al., 2018) , cirrhotic patients with a PHES score ≤ 4 points were considered to have MHE, whereas patients having a PHES score > 4 points were classified as having NMHE.
MRI data acquisition
All imaging data were acquired using a 1.5-T MR scanner with a 16-channel neurovascular coil (AchievaNovaDual; Philips Medical Systems, Best, Netherlands).
Participants were instructed to remain still with their eyes closed, to not think of anything in particular, and to remain awake during the scanning. were used to detect intracranial lesions. Then, an rsfMRI scan with an echo-planar imaging (EPI) sequence and a high-resolution structural MRI scan with a fast field echo (FFE) three-dimensional T1 weighted (3D-T1WI) sequence were sequentially conducted. The imaging parameters were as follows: (1) RsfMRI: TR/TE = 3,000/50 ms, flip angle = 90°, thickness/gap = 4.5/0 mm, acquisition matrix = 64 × 64, field of view (FOV) = 230 × 230 mm 2 , 33 axial slices, and 160 time points (8 min); and (2) 3D-T1WI: TR/TE = 25/4.1 ms, flip angle = 30°, acquisition matrix = 231 × 232, FOV = 230 × 230 mm 2 , and 160 sagittal slices with no inter-slice gap. For the rsfMRI scan, subjects were instructed to remain still with their eyes closed, to not think of anything in particular, and to remain awake during the scanning. A simple questionnaire was administered immediately after the MRI scan to check for the degree of collaboration.
Data Preprocessing

RsfMRI data preprocessing
RsfMRI data preprocessing was performed using the Data Processing & Analysis of Brain Imaging (DPABI_V3.0_171210, http://rfmri.org/DPABI) based on statistical parametric mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm), following previous approaches (Chao-Gan and Yu-Feng, 2010; Qiu et al., 2016; . Refer to the Supplementary Methods for further details.
After quality control, all subjects had minimum absolute translation and rotation (not exceeding 1.5 mm or 1.5°, respectively). Furthermore, the individual mean framewise displacement (FD) was calculated by averaging the relative displacement from every time point for each subject and including it as a covariate in statistical analyses.
VMHC calculations
We computed the subject-level VMHC using DPABI software according to a previous approach (Zuo et al., 2010) . Global differences in VMHC were examined across the whole brain. For each subject, the homotopic FC was computed as the Pearson's correlation coefficient between each voxel's residual time series and that of its symmetrical inter-hemispheric counterpart. Then, correlation values were transformed using Fisher's z scores. The resulting subject-specific VMHC z-score maps were used for subsequent group-level analyses.
CC volumetric calculations
The volumes of the CC and its sub-regions were calculated using the FreeSurfer software package (http://surfer.nmr.mgh.harvard.edu/,version6.0) according to a previous approach (Qiu et al., 2016; . The FreeSurfer-based automated procedures for subcortical volumetric measurements of different brain structures have been described elsewhere (Fischl et al., 2002; Qiu et al., 2016) . The volume of each brain structure was then calculated by summing all voxels within the structure. Specifically, the CC was automatically identified and segmented into five sections using FreeSurfer, with each section encompassing 20% of the anterior-posterior distance through the CC that broadly corresponded to functional subdivisions, including anterior (CC1), mid-anterior (CC2), middle (CC3), mid-posterior (CC4), and posterior portions (CC5) ( Supplementary Fig. 1 ). The total CC volume was calculated as the sum of the five CC subdivisions. To reduce the influence of individual variations in the CC value, the normalized CC volume (and those of its sub-regions) was derived through dividing the raw volume by the whole brain volume. All images were visually inspected to ensure accuracy of registration, skull stripping, segmentation, and cortical surface reconstruction.
Statistical analysis
Group differences
A one-way ANOVA was employed to detect significant differences in continuous variables, such as demographic data, and motion parameters. Analysis of covariance (ANCOVA) was used to detect differences in whole-brain VMHC and CC volume (as well as its subfields), while controlling for age, gender and education. A Chi-square test was used to determine any differences among the groups in terms of gender. A Kruskal-Wallis test was used to determine differences in PHES among the groups. A Fisher's least-significant difference (LSD) test was used to perform post-hoc multiple comparisons (for CC and its subfields, prior to post-hoc LSD tests, Bonferroni corrections were applied for multiple comparisons). Two sample t-tests were used to detect significant differences in clinical data between MHE and NMHE groups for normally distributed variables. Mann-Whitney U tests were used to detect significant differences in clinical data between MHE and NMHE groups for non-normally distributed variables. A P < 0.05 (two-tailed) was considered to be statistically significant. All statistical analyses were performed using SPSS 23.0 software.
Whole-brain voxel-wise ANCOVA analysis on subject-specific VMHC maps was performed to determine differences in VMHC among the three groups.
Subsequently, post-hoc t tests were used to examine between-group differences within significant regions detected by ANCOVA, while eliminating the effects of age, gender, education, and head motion by regression. The results were reported at the significant level of a threshold of two-tailed voxel-wise P < 0.01 and cluster level P < 0.05 with Gaussian Random Field (GRF) correction, with a gray matter mask produced by the group-level symmetrical template average across all subjects.
Associations between inter-hemispheric connectivity and PHES
Correlation analyses were performed between brain measures and PHES in SPSS to investigate the association between brain inter-hemispheric coherence (VMHC and 
Mediation analysis of VMHC, CC volume, and PHES
To investigate whether the influence of the reduced volume in CC on neurocognitive impairment was mediated by VMHC in the cirrhotic groups, a mediation analysis (SPSS)-with total CC volume as the independent variable, PHES as dependent variables, and mean VMHC as the mediator-was performed.
Receiver operator characteristic (ROC) analysis
Multivariate logistic regression and ROC analysis were used to evaluate the ability of brain inter-hemispheric measures showing significant differences in the ANCOVA analysis (total CC volume and mean VMHC values, alone or combined) to distinguish MHE patients from NMHE patients, and the threshold was set at a significance level of P<0.05.
Results
Demographics and clinical characteristics
There were no group differences in age, gender, or formal years of education (Table 1 ). Group differences in PHES were observed; cirrhotic NMHE patients had significantly worse PHES scores compared with those of HCs, but had better PHES scores compared with those of MHE cirrhotic patients (Table 1 ). Group differences in mean grey-matter-based VMHC were also observed; cirrhotic MHE patients had significantly lower VMHC compared with those of NMHE patients and HCs, whereas there no differences were detected between the VMHC of NMHE patients and HCs (Table 1) . inter-hemispheric homotopic FC between the bilateral MTG and CUN compared with that of HCs (Fig. 1) . 
Figure 1. Reduced inter-hemispheric homotopic FC in NMHE and MHE patients. A.
Selective atrophy of the CC in MHE, but not NMHE, cirrhotic patients
The MHE group had a smaller total CC-mainly in the mid-anterior, central, and mid-posterior parts-compared with those of both NMHE patients and HCs. In contrast, cirrhotic NMHE patients did not have any CC subfield atrophy when compared with that of HCs ( Fig. 2 and Supplementary Table 1 ). 
Figure 2. Degeneration of the corpus callosum and its sub-regions in NMHE and MHE
Interhemispheric homotopic FC and CC sub-region volumes correlate with results of neuropsychological tests in all cirrhotic patients (NMHE and MHE)
The mean VMHC values of all of the clusters that showed significant differences by ANCOVA had significant positive correlations with the performance of PHES in all cirrhotic patients (r = 0.504, P = 0.004; Fig. 3 ). The normalized total CC volumes had significant positive correlations with the performance of PHES in all cirrhotic patients (r = 0.517, P = 0.003; Fig. 3 ). The mean VMHC of each single significant region (bilateral CUN, bilateral PreCG, bilateral IPL, and bilateral STG) revealed by ANCOVA and the CC3 subfield also had significant positive correlations with the performance of PHES in all cirrhotic patients (Fig. 3) . We also found inter-hemispheric connectivity correlated with sub-components of the PHES (NCT-A,
NCT-B, DST, SDT, and LTT) in all cirrhotic patients (supplementary materials table
3). . (A, B The impact of CC atrophy on PHES performance is partly mediated by inter-hemispheric FC.
Figure 3. Associations between inter-hemispheric connectivity and PHES
The total CC volume was associated with PHES performance in all cirrhotic patients. Furthermore, we found inter-hemispheric FC partially (29.2%) mediated the association between total CC and PHES performance in all cirrhotic patients (Fig. 4) .
Figure 4. Inter-hemispheric homotopic FC mediates the association of CC degeneration and neurocognitive impairment (PHES performance) in all cirrhotic patients (NMHE and MHE).
Regions in which inter-hemispheric homotopic functional connectivity (i.e., VMHC) was related to total CC mediated the impact of total CC degeneration on PHES performance in both NMHE and MHE patients. In the images, "c" denotes the total effect of CC volume on PHES performance; 
Classification of MHE in HBV-RC patients using brain inter-hemispheric measures
According to logistic regression models, the ROC curves for mean VMHC (revealed as having group differences in the ANCOVA) and total CC volume, as well as for combined models, were qualified to determine the efficacies of classification ( Fig. 5; Supplementary Table 2 ). Multivariate regression analysis showed that the logistic regression model combining the two imaging measurements had the highest diagnostic efficiency-based on the area under the curve (AUC) score of the ROC curves (AUC = 0.908, P < 0.001)-in distinguishing MHE patients from NMHE patients. Figure 5. Individual and combined ROC curves for mean VMHC and normalized 
Discussion
In the present study, we provided the first-ever examination of inter-hemispheric The present findings confirmed that MHE is a neurological disease related to disrupted brain connectivity Zhang et al., 2017; Zhang et al., 2012) . Moreover, our findings extend this view to the earlier stages of . Our present study yielded nearly the exact same findings in MHE patients, while the previous study also revealed that the bilateral medial frontal gyrus (MFG), anterior cingulate cortex (ACC), and superior frontal gyrus (SFG) had attenuated FC . In addition, the same group also found macroscopic atrophy and impairment of microstructural integrity of the CC in MHE patients Chen et al., 2012) . Another study revealed, via whole-brain VBM analysis, that MHE patients had selective CC atrophy of the middle to posterior regions, although their MHE patients were mixed with alcohol-related cirrhotic patients (Qi et al., 2013) .
Similarly, we found that MHE patients had attenuated VMHC among bilateral CUN, (Schiff et al., 2006) . As such, it is not surprising that the FC between the bilateral CUN (extending to bilateral LING, MOG, and MTG) and bilateral MTG was compromised in NMHE HBV-RC cirrhotic patients, given that all the above regions are intimately involved in visual information processing (Lee et al., 2000; Wandell et al., 2007) and modulation of top-down visuospatial selective attention (Hahn et al., 2006) .
At the MHE stage, the brain regions with compromised FC extended to the PreCG and STG. The PreCG [M1, broadman area (BA) 4 and 6] is intimately involved in motor control and response selection (Duque et al., 2012) , while the STG (BA22) is involved in the processing of speech (Ozker et al., 2018) . Hence, our results showing a dysfunction in the PreCG and STG are consistent with findings from previous studies that demonstrated the existence of delayed premotor response selection (Schiff et al., 2005) and speech impairment (Bajaj et al., 2011) abnormalities, which may be due to a reserve capacity elsewhere in the brain (Getz, 2017 Roland et al., 2017; Shen et al., 2015) . Taken together, these findings highlight the importance of structural and functional inter-hemispheric coherence in PHES performance.
In order to overcome the limitations of a single imaging mode, we developed a formula to calculate a combined index for differentiating NMHE and MHE patients.
Our combined index was calculated by combining VMHC with CC volumetric data.
Our findings indicated that a combination of VMHC and total CC volume yielded the best discriminative value in differentiating NMHE and MHE patients, as compared with VMHC or CC volume alone, suggesting that simultaneous measurements of inter-hemispheric functional and structural connectivities can more comprehensively characterize MHE conditions. The improvement in discrimination power between NMHE and MHE patients may be derived from the fact that inter-hemispheric functional and structural connectivities are complementary and coordinating (Roland et al., 2017; Shen et al., 2015) . Finally, HBV-related cirrhotic patients, even without MHE, had reduced VMHC, however, whether the aberrant VMHC related to the HBV or cirrhotic is still an open question, further study with detail design is needed to elucidate it.
Conclusions
In sum, to our knowledge, this is the first study to demonstrate associations between inter-hemispheric functional and structural coordination, as well as their relationships with PHES performance, in both NMHE and MHE HBV-RC patients.
We found that homotopic inter-hemispheric FC disruption already existed in NMHE cirrhotic patients, although no CC atrophy was yet detected. At the MHE stage, patients had more severe homotopic inter-hemispheric FC impairment and initial CC degeneration, suggesting that there are temporal dynamics of inter-hemispheric functional and structural alterations in the disease progression of HBV-RC.
Intriguingly, impairment of inter-hemispheric homotopic FC partially mediated the association between CC degeneration and PHES performance in cirrhotic patients.
Moreover, a combination of aberrant VMHC and total CC volume yielded higher discriminative value in differentiating NMHE and MHE patients when compared with either alone.
